Base-catalyzed hydrogenation: rationalizing the effects of catalyst and substrate structures and solvation.
Ab initio molecular orbital calculations have been used to study the base-catalyzed hydrogenation of carbonyl compounds. It is found that these hydrogenation reactions share many common features with S(N)2 reactions. Both types of reactions are described by double-well energy profiles, with deep wells and a low or negative overall energy barrier in the gas phase, while the solution-phase profiles show very shallow wells and much higher barriers. For the hydrogenation reactions, the assembly of the highly ordered transition structure is found to be a major limiting factor to the rate of reaction. In the gas phase, the overall barriers for reactions catalyzed by Group I methoxides increase steadily down the group, due to the decreasing charge density on the metal. On the other hand, for Group II and Group III metals, the overall barriers decrease down the group, which is attributed to the increasing ionic character of the metal-oxygen bond. The reaction with B(OCH(3))(3) has an exceptionally high barrier, which is attributed to pi-electron donation from the oxygen lone pairs of the methoxy groups to the formally vacant p orbital on B, as well as to the high covalent character of the B-O bonds. In solution, these reactivity trends are generally the opposite of the corresponding gas-phase trends. While similar barriers are obtained for reactions catalyzed by methoxides and by tert-butoxides, reactions with benzyloxides have somewhat higher barriers. Aromatic ketones are found to be more reactive than purely aliphatic ketones. Moreover, comparison between catalytic hydrogenation of 2,2,5,5-tetramethylcyclopentanone and pivalophenone shows that factors such as steric effects may also be important in differentiating their reactivity. Solvation studies with a wide range of solvents indicate a steady decrease in barrier with decreasing solvent dielectric constant, with nonpolar solvents generally leading to considerably lower barriers than polar solvents. In practice, a good balance between polarity and catalyst solubility is required in selecting the most suitable solvent for the base-catalyzed hydrogenation reaction.